Introduction {#j_hukin-2019-0083_s_001}
============

Handball is an intermittent sport, characterized by an alternation of high- and low-intensity activities, including sprints, jumps, and many changes of direction. However, players also need strength and power for running, jumping, and catching the ball before an opponent can score ([@j_hukin-2019-0083_ref_008]; [@j_hukin-2019-0083_ref_014]) Therefore, optimal conditioning programs should include strength training sessions. These may include isometrics, dynamic constant external resistance training, and isokinetics ([@j_hukin-2019-0083_ref_027]). Other options include complex training (an alternation of high-load weight training with plyometric exercises) and contrast training (an alternation of high and low loads) ([@j_hukin-2019-0083_ref_022]). Cometti et al. (1999) defined their contrast training program as the use of high loads (2-4 sets of 6 repetitions with loads between 60 and 80% of the 1-repetition maximum (1RM)) and low loads (4-6 sets of 6-12 repetitions with loads between 30 and 50% of 1RM), with both types of sets performed at maximum speed.

Research on strength training in soccer players has shown that both increases and decreases in performance-related variables may result from different methods of training. [@j_hukin-2019-0083_ref_014] and [@j_hukin-2019-0083_ref_008]

observed significant increases in sprinting, jumping, and power as evaluated by the force-velocity test after 8 weeks of half-squat strength training in junior soccer players. [@j_hukin-2019-0083_ref_003] also showed increases in peak power, jump force, jump height, and lower-limb muscle volume in junior soccer players, with gains in 5 to 40 m sprint velocities after an 8-week plyometric training program that involved hurdling and depth jumping. In contrast, [@j_hukin-2019-0083_ref_016] found no significant gains in 20-m sprint times following 4 weeks of plyometric training that was combined with electromyographic stimulation.

[@j_hukin-2019-0083_ref_022] suggested that complex contrast training was an adequate tactic to develop muscle power and speed in soccer players. However, no previous studies have examined the effects of contrast-resistance strength training on physical fitness and performance-related variables in handball players. Therefore, the purpose of the present study was to determine whether circuit training would improve strength, agility, intermittent aerobic capacity and vertical jump performance in handball players at a crucial phase in their playing season. We tested the hypothesis that incorporating 12-week contrast-resistance strength training into a standard training regimen would enhance each of these measures.

Methods {#j_hukin-2019-0083_s_002}
=======

Participants {#j_hukin-2019-0083_s_002_s_001}
------------

All procedures were approved by the Institutional Review Committee (Research Unit Sport Performance, Health & Society) for the ethical use of human subjects, according to current national laws and regulations. Signed informed consent was provided by all participants (19 elite male handball players, age: 18.5 ± 0.85 years, body height: 1.81 ± 0.06 m, body mass: 88.01 ± 14.56 kg, training experience: 7.21 ± 1.08 years) and their parent or guardian after they had received both a verbal and a written explanation of the experimental protocol and its potential risks and benefits. Participants were informed that they could withdraw from the study without any consequence at any time. Examination by the team physician excluded orthopedic and other pathologies that might have contra-indicated resistance training. Participants were randomly assigned to one of the two groups, i.e., an experimental group (a circuit training group, CT (n= 10)), and a control group (a group that followed a standard in-season regimen, CG (n = 9)).

Study Design {#j_hukin-2019-0083_s_002_s_002}
------------

This study was designed to address the following research question: to what extent may 12 weeks of in-season biweekly circuit training enhance strength, agility, high intensity aerobic capacity, sprint ability, and vertical jump performance in handball players? A team of players was randomly divided into the control (standard in-season regimen), and the experimental group. They completed familiarization trials prior to the initiation of testing (4 months into the playing season). Data were collected immediately before and after the 12-week intervention. A standardized warm-up was performed before each testing session. The half back-squat were completed on Day 1. Day 2 was used for recovery. On Day 3, the 15 m and 30 m sprint as well as the 1RM pull-over test were performed. Day 4 was also used for rest, and on Day 5 the squat and counter-movement jumps along with the Yo-Yo intermittent recovery test were performed. On Day 6 participants completed the bench press and the T-half agility test.

Testing sessions were carried out at the same time of day and under the same experimental conditions, at least 3 days after the participants' most recent competition. Standard intake of food and fluids was maintained during the experiment, but physical exercise was avoided for one day before testing. Caffeine-containing beverages were prohibited for 4 hours and no food was consumed for 2 hours before testing. All participants had at least 7 hours of sleep at night throughout the investigation, and verbal encouragement was used for maximal effort throughout testing.

Measures {#j_hukin-2019-0083_s_002_s_003}
--------

The intervention took place over a 12-week period from January to March, a time considered as crucial in maximizing physical fitness of the players. All participants had engaged in the same training sessions from the beginning of the competitive season (September); these were comprised of handball training 4--5 times per week and one official game per week. Practices lasted 90 minutes and usually focused on skill activities at various intensities and offensive and defensive tactics, plus 25--30 minutes of continuous play with the coach making only brief interruptions for instruction. The controls maintained this normal frequency of training, while the experimental group, during the 12-week intervention, replaced their technical-tactical skill training by circuit training twice per week. Its prescription was designed to maximize physical fitness.

One repetition maximum half back-squat {#j_hukin-2019-0083_s_002_s_004}
--------------------------------------

Participants maintained an upright position throughout this test. The bar was grasped firmly with both hands and was supported on the shoulders. The knees were bent to 90° and the upright position was then regained, with the legs fully extended. A preliminary familiarization session determined the approximate 1RM value for each participant. Prior to each session, players performed a warm-up for 5 minutes on a cycle ergometer. In addition, the warm up also included a set of five repetitions of the half-back squat at loads of 40--60% of the players' pre-test 1RM, and prior to testing at 80 or 90% of their 1RM. The barbell was then loaded to 90% of the pretest 1RM. Two consecutive tests were carried out, and if 2 repetitions were completed, a load of 5 kg was added after a recovery interval of 3 minutes. When the participant had performed 2 successful repetitions of his pretest RM value, further loads of 1 kg were added after the recovery interval. If the second repetition could not be completed with the new loading, the corresponding load was considered as the individual's 1RM ([@j_hukin-2019-0083_ref_015]). The average number of attempts needed to reach the 1RM was 3 to 6.

Sprint performance {#j_hukin-2019-0083_s_002_s_005}
------------------

Prior to sprint testing, each participant performed a 5-min warm up consisting of three minutes of running, change of direction activities and dynamic stretching. Within the last two minutes, there were two practice sprint starts of 3-- 4 s duration (at 3.5 and 4.5 min). Participants began the tests with their front foot 0.2 m behind the starting photocell beam (Microgate, Bolzano, Italy), and performance was timed over distances of 15 m and 30 m. Three trials for each distance were separated by 6-8 min of recovery, with the best results registered for further analysis.

One repetition maximum pull-over {#j_hukin-2019-0083_s_002_s_006}
--------------------------------

The bar was positioned 0.2 m above the participant's chest and was supported by the bottom stops of the weight rack. Successive eccentric-concentric contractions were performed from the starting position as described by [@j_hukin-2019-0083_ref_013]. All participants were familiar with the technique of execution, having used it in their weekly training sessions. A pre-test assessment of the 1RM pull-over (1RM~PO~) was made during the final standard training session. Prior to each session, athletes performed a 5-min warm-up that consisted of running, dynamic activities and stretching. This warm up also included a set of five repetitions at loads of 40--60% of their pre-test 1RM. Thereafter, four to five separate attempts were performed until the player was unable to extend the arms fully on two occasions. Two minutes of rest were allowed between trials. The load noted at the last acceptable extension was considered as the 1RM~PO~.

Squat and counter movement jumps {#j_hukin-2019-0083_s_002_s_007}
--------------------------------

Three trials were allowed for each test, with recovery intervals of 3 min. Squat and counter-movement jump variables (jump height, maximal force before take-off, maximal velocity before take-off and average power of the jump) were determined using a force plate (Quattro Jump, version 1.04, Kistler Instrument AG, Winterthur, Switzerland). Jump height was determined as the center of mass displacement, calculated from the recorded force and body mass. For the squat jumps, participants first flexed their knees to 90°, then they powerfully extended their hips and knees, moving into a maximal vertical jump. The counter-movement jump started from an upright position; they performed a rapid downward squat movement to \~90° flexion, followed by a rapid extension of the legs. The hands were kept on the hips for both tests. Participants followed a similar general warm-up procedure that included 5 min of cycling with a 60 W load, stretching of lower limbs muscles (gastrocnemious, quadriceps, hip flexors, hamstrings and gluteals) and 2 min of jumping exercises. Players performed stretching exercises twice holding each stretch for 15 s and alternating between each leg in order to give adequate recovery before the next repetition. Jumping exercises included skipping (6 m), double limb ankle hops (6 reps), split squat jump (5 reps) and standing jump and reach (5 reps).

The Yo-Yo intermittent recovery test Level 1 {#j_hukin-2019-0083_s_002_s_008}
--------------------------------------------

The Yo-Yo test was performed as described by [@j_hukin-2019-0083_ref_020]. A standardized warm up prior to testing was comprised of 10 min of low-intensity running (involving basic run-throughs at an increasing tempo, dynamic stretching and change of direction activities). During testing, 20 m shuttle runs were performed at increasing velocities until exhaustion, with 10 s rest intervals of active recovery (2 x 5 m of jogging) between runs. The test was concluded when the participant twice failed to reach the front line in time (objective evaluation) or felt unable to complete another shuttle at the required speed (subjective evaluation). The total distance covered was considered as the test "score".

One repetition maximum bench press {#j_hukin-2019-0083_s_002_s_009}
----------------------------------

Maximal strength of the upper extremity was assessed using a one repetition maximum successive eccentric-concentric bench press (1RM~BP~) as described by [@j_hukin-2019-0083_ref_020]. Participants performed a warm-up for 5 minutes on a cycle ergometer. This warm up also included a set of five repetitions at loads of 40--60% of the pre-test 1-RM. During testing, players were in the supine position, with the bar positioned 10 mm above the chest and supported by the bottom stops of the weight rack. 90° shoulder abduction was maintained while participants performed a concentric motion of horizontal shoulder adduction and elbow extension. No bouncing or arching of the back was allowed. Four to five separate attempts with 2 min rest intervals were completed, until the prticipant was unable to extend the arms fully. The last acceptable extension was recorded as the 1RM~BP~.

Agility T-half test {#j_hukin-2019-0083_s_002_s_010}
-------------------

The T-half test ([@j_hukin-2019-0083_ref_024]) was performed using the T-test protocol, except that the total distance covered was reduced from 36.6 to 20 m. Data were recorded using an electronic timing system (Globus, Microgate; SARL, Italy) ([@j_hukin-2019-0083_ref_024]). A 15-min warm-up that included jogging, lateral displacement, dynamic stretching and jumping was carried out. Testing began with both feet placed behind the starting line. Participants sprinted forward to a cone, touching its base with their right hand. Facing forward and without crossing feet, they then shuffled to the left to the next cone, touching its base with their left hand. They then shuffled to the right to a third cone, touching its base with their right hand, subsequently shuffling left back to the second cone and touching its base. Finally, they ran backwards as quickly as possible, returning to the starting line. Any player who crossed one foot in front of the other, failed to touch the base of a cone, and/or failed to face forward throughout had to repeat the test. Three minutes of rest were allowed between trials ([@j_hukin-2019-0083_ref_024]).

Circuit-strength training {#j_hukin-2019-0083_s_002_s_011}
-------------------------

Each Tuesday and Thursday for 3 months, part of the experimental group\'s standard training regimen was replaced by circuit training ([Table 1](#j_hukin-2019-0083_tab_001){ref-type="table"}), performed immediately before the standard training sessions. Loads were calculated using the individual\'s previously measured 1RM and were verified after 4 and 8 weeks of the resistance-training program. All training sessions were supervised by certified strength and conditioning specialists knowledgeable in weightlifting. Participants were encouraged to increase the weights lifted and to achieve concentric failure within each designated repetition range, and all completed a minimum of 95% of scheduled sessions. Each training session started with a standardized warm-up including jogging, dynamic stretching exercises, calisthenics, and preparatory exercises (e.g., fundamental weightlifting exercises specific to their training program), and ended with 5 min of cool-down activities including dynamic stretching. During the experimental protocol, all players participated in technical drills and tactical training. There were two sets for each sequence with 3 min rest interval between each sequence. During the training sessions, maximal effort was encouraged verbally. No injuries were encountered over the 24 sessions. ***Statistical Analyses***

###### 

12-week circuit training intervention.

  Exercises                        Session 1               Session 2               Session 3               Session 4               Session 5               Session 6
  -------------------------------- ----------------------- ----------------------- ----------------------- ----------------------- ----------------------- -----------------------
  Multiple diagonal                10 jumps / 40 cm high   10 jumps / 40 cm high   10 jumps / 40 cm high   10 jumps / 40 cm high   10 jumps / 40 cm high   10 jumps / 40 cm high
  Medicine ball throw              10 throw/ 3 kg          10 throw/ 3 kg          12 throw/ 3 kg          13 throw/ 3 kg          13 throw/ 3 kg          12 throw/ 3 kg
  CMJ Depth jumps "box onto box"   10 jumps / 50 cm high   10 jumps / 50 cm high   10 jumps / 50 cm high   10 jumps / 50 cm high   10 jumps / 50 cm high   12 jumps / 50 cm high
  half back-squat                  60 : 3 x 6              60 : 3 x 6              60 : 3 x 6              60 : 3 x 8              60 : 3 x 8              60 : 3 x 8
  Zig zag sprint                   4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)
  1RM Pull-over                    60 : 3 x 6              60 : 3 x 6              60 : 3 x 6              60 : 3 x 8              60 : 3 x 8              60 : 3 x 8
  Exercises                        Session 7               Session 8               Session 9               Session 10              Session 11              Session 12
  Multiple diagonal                12 jumps / 40 cm high   12 jumps / 40 cm high   12 jumps / 40 cm high   12 jumps / 40 cm high   12 jumps / 40 cm high   12 jumps / 40 cm high
  Medicine ball throw              14 throw/ 3 kg          12 throw/ 3 kg          12 throw/ 3 kg          12 throw/ 3 kg          12 throw/ 3 kg          12 throw/ 3 kg
  CMJ Depth jumps "box onto box"   12 jumps / 50 cm high   12 jumps / 50 cm high   12 jumps / 50 cm high   12 jumps / 50 cm high   12 jumps / 50 cm high   12 jumps / 50 cm high
  half back-squat                  70 : 3 x 6              70 : 3 x 6              70 : 3 x 8              70 : 3 x 8              70 : 3 x 8              70 : 3 x 8
  Zig zag sprint                   4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)
  1RM Pull-over                    70 : 3 x 6              70 : 3 x 6              70 : 3 x 6              70 : 3 x 8              70 : 3 x 6              70 : 3 x 8
  Exercises                        Session 13              Session 14              Session 15              Session 16              Session 17              Session 18
  CMJ Frontal jumps over barrier   14 jumps / 40 cm high   14 jumps / 40 cm high   14 jumps / 40 cm high   14 jumps / 40 cm high   14 jumps / 40 cm high   14 jumps / 40 cm high
  Medicine ball throw              12 throw/ 3 kg          14 throw/ 3 kg          12 throw/ 3 kg          14 throw/ 3 kg          12 throw/ 3 kg          14 throw/ 3 kg
  CMJ Depth jumps "box onto box"   14 jumps / 50 cm high   14 jumps / 50 cm high   14 jumps / 50 cm high   14 jumps / 50 cm high   14 jumps / 50 cm high   14 jumps / 50 cm high
  half back-squat                  70 : 3 x 10             70 : 3 x 10             70 : 3 x 10             70 : 3 x 10             70 : 3 x 10             70 : 3 x 10
  Zig zag sprint                   4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)
  1RM Pull-over                    70 : 3 x 10             70 : 3 x 10             70 : 3 x 10             70 : 3 x 10             70 : 3 x 10             70 : 3 x 10
  Exercises                        Session 19              Session 20              Session 21              Session 22              Session 23              Session 24
  CMJ Frontal jumps over barrier   16 jumps / 40 cm high   16 jumps / 40 cm high   16 jumps / 40 cm high   16 jumps / 40 cm high   16 jumps / 40 cm high   16 jumps / 40 cm high
  Medicine ball throw              12 throw/ 3 kg          16 throw/ 3 kg          12 throw/ 3 kg          16 throw/ 3 kg          12 throw/ 3 kg          16 throw/ 3 kg
  CMJ Depth jumps "box onto box"   16 jumps / 50 cm high   16 jumps / 50 cm high   16 jumps / 50 cm high   16 jumps / 50 cm high   16 jumps / 50 cm high   16 jumps / 50 cm high
  half back-squat                  75 : 3 x 8              75 : 3 x 8              75 : 3 x 8              75 : 3 x 8              75 : 3 x 10             75 : 3 x 10
  Zig zag sprint                   4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 m (20 m)          4 x 5 me (20 m)         4 x 5 m (20 m)
  1RM Pull-over                    75 : 3 x 8              75 : 3 x 8              70 : 3 x 8              75 : 3 x 8              75 : 3 x 10             75 : 3 x 10

Zig zag sprint: with 110° curves; Multiple diagonal: cone hops

All statistical analyses were performed using SPSS version 25.0 for Windows (SPSS Inc., Chicago, IL, USA). Means and standard deviations of dependent variables were calculated for all handball players. Differences between groups (CT vs. CG) and sessions (pre- vs. post-intervention) were tested using a two-factor (time, group) univariate general linear model (Bortz et al., 1990). The effect size (d) (mean difference of scores divided by the pooled standard deviation) was calculated for each variable. Since multiple tests were used, the alpha level was adjusted using a standard Bonferroni correction (*p* = 0.05/7, or *p* = 0.007 and η^2^ \> 0.20 and d ≥ 0.5) to protect against Type I errors (Bortz et al., 1990). Due to the relatively small number of participants, decisions on significance were based on all three statistical values. A power calculation (nQuery Advisor 4.0; Statistical Solutions, Saugus, MA) showed that with a sample size of 7 in each group, the study had 80% power to detect a difference between means of 3.0 cm (main outcome: CMJ height) using a two-sided t-test with a significance level of *p* \< 0.05, and assuming a common standard deviation of 2.0 cm ([@j_hukin-2019-0083_ref_001]).

The intraclass correlation coefficient (ICC), coefficient of variation (CV) and standard error of measurement (SEM) were calculated to describe test-retest reliability ([@j_hukin-2019-0083_ref_025]). Interpretation of reliability values was based on guidelines provided by [@j_hukin-2019-0083_ref_023], [@j_hukin-2019-0083_ref_026] and [@j_hukin-2019-0083_ref_018]. The ICC indicated an excellent relative reliability when the value was above 0.75, fair-to-good reliability between 0.40 and 0.75, and poor reliability when less than 0.40 ([@j_hukin-2019-0083_ref_026]). For intraobserver reliability, the mean intraclass correlation was calculated. ICC values may be influenced by inter-subject variability of scores, because a large ICC may be reported despite poor trial-to-trial consistency if the inter-subject variability is too high ([@j_hukin-2019-0083_ref_023]; [@j_hukin-2019-0083_ref_028]). However, the SEM is not affected by inter-subject variability ([@j_hukin-2019-0083_ref_028]). Therefore, SEM was reported in conjunction with the ICCs using the following equation from [@j_hukin-2019-0083_ref_023]:
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The CV, an indicator of measurement variability and random error, was derived from log-transformed data ([@j_hukin-2019-0083_ref_019]). The 95% CIs were calculated for each CV and ICC.

Results {#j_hukin-2019-0083_s_003}
=======

Prior to the intervention, all tests were evaluated concerning intrarater reliability. Based on the recommendation (ICC ≥ 0.75) of [@j_hukin-2019-0083_ref_026], 86% (6/7) of all tests showed high reliability, except for the agility T-test that displayed a lower level of reliability (ICC = 0.72; [Table 2](#j_hukin-2019-0083_tab_002){ref-type="table"}). The values of absolute reliability (CV) were similar compared to the relative reliability (ICC). Only the strength variables (bench press, pull over) showed a CV above 5%. The SEM ranged from 0.03 m (sprint 30 m) to 3.00 kg (bench press).

###### 

Comparison of baseline test measurements and post-intervention values in the studied handball players (n = 19). Descriptive statistics (mean ± SD) and **intrarater reliability** analysis calculated for each test are presented. ICC ≥ 0.75 and CV ≤ 5% are highlighted in bold.

  test                        Session one   Session two   ICC                       SEM    CV (%)
  --------------------------- ------------- ------------- ------------------------- ------ -------------------
  Squat jump (cm)             39.9 ± 2.80   39.8 ± 2.94   **0.95** (0.86 -- 0.98)   0.66   **2.4** (1.8-3.6)
  Countermovement jump (cm)   43.0 ± 1.96   43.1 ± 1.94   **0.86** (0.65 -- 0.95)   0.73   **2.3** (1.7-3.4)
  15 m Sprint (s)             2.59 ± 0.18   3.00 ± 0.19   **0.87** (0.65 -- 0.95)   1.95   **3.5** (2.7-5.3)
  30 m Sprint (s)             4.36 ± 0.17   4.32 ± 0.16   **0.96** (0.86 -- 0.99)   0.03   **1.0** (0.7-1.5)
  Agility T-test (s)          6.15 ± 0.30   6.23 ± 0.24   0.72 (0.29 -- 0.89)       0.14   **2.9** (2.3-4.5)
  Bench press (kg)            79.1 ± 10.6   78.2 ± 7.49   **0.89** (0.71 -- 0.96)   3.00   5.4 (4.1-8.3)
  Pull over (kg)              42.6 ± 6.88   43.0 ± 4.81   **0.85** (0.60 -- 0.94)   2.26   7.7 (6.0-12.1)

We found significant interaction effects (group x time) for the 12 week intervention in eight of the nine investigated performance variables ([Tables 3](#j_hukin-2019-0083_tab_003){ref-type="table"} and [4](#j_hukin-2019-0083_tab_004){ref-type="table"}). Only the 30 m sprint (*p* \< 0.001, η^2^ = 0.555) and the strength test (bench press) (*p* = 0.007, η^2^ = 0.353) displayed a significant inter-group difference. All intervention effects were higher than 0.4 for the CT. The largest effects and highest improvements were detected for distance covered during the Yo-Yo IR1 (d = 2.76; [Table 3](#j_hukin-2019-0083_tab_003){ref-type="table"}) and for squat-jump height (d = 2.05). In contrast, one variable (sprint performance in the Agility T-test) showed no relevant effect size (d = 0.41) in the CT. The largest interaction effects were obtained for distance in the Yo-Yo IR1 (*p* \< 0.001, η^2^ = 0.789; [Figure 1](#j_hukin-2019-0083_fig_001){ref-type="fig"}), 1RM in the bench press (*p* \< 0.001, η^2^ = 0.700) and 1RM in the half squat (*p* \< 0.001, η^2^ = 0.640; [Figure 2](#j_hukin-2019-0083_fig_002){ref-type="fig"}).

![Test performance for the Yo-Yo-IR1. Solid line = pre-intervention test, dashed line = post-intervention test. Effect size d for each group (plus means improvement, minus means deterioration) and interaction effect (group x time) are given.](hukin-71-191-g001){#j_hukin-2019-0083_fig_001}

![Test performance for the half squat. Solid line = pre-intervention test, dashed line = post-intervention test. Effect size d for each group (plus means improvement, minus means deterioration) and interaction effect (group x time) are given.](hukin-71-191-g002){#j_hukin-2019-0083_fig_002}

###### 

Descriptive comparison of the circuit training group and the control group before and after the 12-week intervention. Relevant effect sizes are highlighted in bold.

                   Experimental group (Mean ± SD)   Control group (Mean ± SD)                                                                  
  ---------------- -------------------------------- ------------------------------------------ ------------------- ------------- ------------- -----------
                                                                                               **Anthropometry**                               
  Body mass (kg)   90.5 ± 13.2                      88.9 ±13.3                                 0.12                85.3 ± 16.3   82.3 ± 14.5   0.20
  Fat mass (%)     17.9 ± 4.33                      15.7 ± 3.59                                **0.56**            16.2 ± 4.66   14.9 ± 2.57   0.36
                                                                                                                                               
                                                    **Sprint performance (s)**                                                                 
  Sprint 15 m      2.57 ± 0.18                      2.47 ± 0.15                                **0.61**            2.61 ± 0.20   2.58 ± 0.18   0.16
  Sprint 30 m      4.25 ± 0.13                      4.15 ± 0.22                                **0.57**            4.48 ± 0.13   4.55 ± 0.15   -0.50
  Agility T-test   6.16 ± 0.26                      6.00 ± 0.53                                0.41                6.13 ± 0.36   6.35 ± 0.24   **-0.73**
                                                                                                                                               
                                                    **Jump performance (cm)**                                                                  
  CMJ height       43.4 ± 1.71                      46.8 ± 1.77                                **1.95**            42.4 ± 2.19   43.0 ± 1.94   0.29
  SJ height        39.8 ± 3.17                      44.6 ± 1.51                                **2.05**            38.7 ± 4.09   39.4 ± 3.94   0.17
                                                                                                                                               
                                                    **1RM (kg)**                                                                               
  Half squat       162 ± 33.2                       185 ± 26.9                                 **0.77**            156 ± 36.0    153 ± 38.1    -0.03
  Bench-press      83.0 ± 10.6                      98.1 ± 10.7                                **1.42**            74.7 ± 9.27   76.7 ± 12.8   0.18
  Pull-over        44.4 ± 7.15                      54.2 ± 9.58                                **1.17**            40.6 ± 6.35   42.6 ± 10.3   0.24
                                                                                                                                               
                                                    **Yo-Yo-Intermittent Recovery Test (m)**                                                   
  Distance         1.156 ± 261                      1.956 ± 318                                **2.76**            1.333 ± 272   1.129 ± 312   -0.70

###### 

Comparison (a two-factor (time, group) univariate general linear model) of the circuit training group and the control group before and after the 12-week intervention. Significant interaction effects are highlighted in bold.

                                                                     Variance analysis/ effects                          
  ---------------- ---------- -------------------------------------- ---------------------------- ------- -------------- -----------
                                                                     **Anthropometry**                                   
  Body mass (kg)   0.392      0.043                                  0.041                        0.222   0.648          0.013
  Fat mass (%)     0.478      0.030                                  0.001                        0.457   0.341          0.053
                                                                                                                         
                                                                     **Sprint performance (s)**                          
  Sprint 15 m      0.320      0.058                                  0.105                        0.147   0.317          0.059
  Sprint 30 m      \< 0.001   0.555                                  0.555                        0.021   **0.007**      **0.355**
  Agility T-test   0.295      0.064                                  0.711                        0.008   **0.020**      **0.279**
                                                                                                                         
                                                                     **Jump performance (cm)**                           
  CMJ height       0.011      0.327                                  \< 0.001                     0.741   **\< 0.001**   **0.596**
  SJ height        0.041      0.223                                  \< 0.001                     0.649   **0.001**      **0.489**
                                                                                                                         
                                                                     **1RM (kg)**                                        
  Half squat       0.224      0.086                                  0.001                        0.496   **\< 0.001**   **0.640**
  Bench-press      0.007      0.353                                  \< 0.001                     0.799   **\< 0.001**   **0.700**
  Pull-over        0.054      0.202                                  \< 0.001                     0.620   **0.003**      **0.417**
                                                                                                                         
                              **Yo-Yo-Intermittent Recovery Test**   **(m)**                                             
  Distance         0.014      0.308                                  \< 0.001                     0.568   **\< 0.001**   **0.789**

*CMJ = countermovement jump; SJ = squat jump; 1RM = one repetition maximum*.

On the other hand, the lowest interaction effect was detected for 15 m sprint performance (*p* = 0.317, η^2^ = 0.059; [Figure 3](#j_hukin-2019-0083_fig_003){ref-type="fig"}). In the control group, three relevant (d ≥ -0.5) performance decreases (Agility T-test: d = -0.73; distance Yo-Yo IR1: d = - 0.70; 30 m sprint: d = -0.50) were observed ([Table 3](#j_hukin-2019-0083_tab_003){ref-type="table"}). In general, all effect sizes ranged between -0.73 (Agility T-test) and 0.29 (CMJ height; [Figure 4](#j_hukin-2019-0083_fig_004){ref-type="fig"}).

![Test performance for the 15 m sprint. Solid line = pre-intervention test, dashed line = post-intervention test. Effect size d for each group (plus means improvement, minus means deterioration) and interaction effect (group x time) are given.](hukin-71-191-g003){#j_hukin-2019-0083_fig_003}

![Test performance for the CMJ. Solid line = pre-intervention test, dashed line = post-intervention test. Effect size d for each group (plus means improvement, minus means deterioration) and interaction effect (group x time) are given.](hukin-71-191-g004){#j_hukin-2019-0083_fig_004}

In contrast, effect sizes in the CT moved from 0.41 (Agility T-test) to 2.76 (distance Yo-Yo IR1). Overall, the effectiveness of training over the intervention period was significantly poorer for the CG than for the CT (∅d~CG~=-1.02 vs. ∅d~CT~=1.30). No relevant improvements were observed in the CG and no relevant performance decreases were found in the CT.

Discussion {#j_hukin-2019-0083_s_004}
==========

The aim of our study was to compare the effects of circuit training on maximal strength, sprint ability, agility, high intensity aerobic ability, and vertical jump performance in male handball players at a critical phase in their playing season. The findings indicate that a circuit training program can effectively improve these characteristics of handball players compared to a standard regimen.

The dynamic loads used during the circuit training program seem well suited to maximize strength ([@j_hukin-2019-0083_ref_014]; [@j_hukin-2019-0083_ref_008]; [@j_hukin-2019-0083_ref_015]) by initiating feedback reflexes from the Golgi tendon organs and improving synchronization of motor units ([@j_hukin-2019-0083_ref_010]). Many authors have replicated the findings of [@j_hukin-2019-0083_ref_010] who showed that specific resistance training improved strength in both the upper extremities (23%; p \< 0.01) and the leg extensors (12.2%; p \< 0.01). In our study, gains for the upper and lower limbs (circuit training: 18.5% and 15.2% for the bench-press and half-squat, respectively) were even larger than those observed by [@j_hukin-2019-0083_ref_010] and [@j_hukin-2019-0083_ref_015] possibly because of differences in the initial level of physical fitness of the players or the choice of training exercises. [@j_hukin-2019-0083_ref_017] also reported significant increases in the 1RM back-squat, but no significant increases in 1RM bench-press scores of young athletes after 15 weeks of weightlifting training. Our study found gains in vertical jump height (7.8 and 12.5% for the CMJ and SJ, respectively), similar to those seen in handball players ([@j_hukin-2019-0083_ref_009]) and junior soccer players (7.5% and 10%, respectively) ([@j_hukin-2019-0083_ref_002]).

[@j_hukin-2019-0083_ref_004] found gains of 13.5% and 14.4% in the squat and CMJ scores of soccer players over 8 weeks of strength training. Conversely, [@j_hukin-2019-0083_ref_010] found significant increases in the CMJ height of handball players who engaged in standard team practice (6%; p \< 0.001), whereas resistance training and control groups showed no change. [@j_hukin-2019-0083_ref_015] found a large improvement in the squat jump (p \< 0.001), but the CMJ remained unchanged. In contrast, significant (12%; p \< 0.01) improvements in CMJ height were observed in controls, underlining the contention that the introduction of circuit resistance strength training does not interfere with jumping performance.

The likely explanation for the improved jump performance is that the necessary muscular coordination can only be maximized by using loads that resemble the required skill in terms of movement, speed and pattern. A heavy general leg exercise such as the squat is relatively more effective for developing intramuscular coordination, whereas loaded squat jumps are more effective in developing inter muscular coordination ([@j_hukin-2019-0083_ref_006]).

To our knowledge, our study is the first to have examined the effects of circuit training on the agility of handball players. Our results showed significant improvements in the circuit training group compared to controls. [@j_hukin-2019-0083_ref_021] examined the effect of a strength and conditioning program carried out by the Danish national handball team before the Beijing Olympic Games. Eight weeks of training improved agility by 2.5% (p \< 0.05). Previous research concerning the impact of strength and resistance training on agility has shown both increases ([@j_hukin-2019-0083_ref_007]; [@j_hukin-2019-0083_ref_021]) and decreases in this ability ([@j_hukin-2019-0083_ref_011]). Inter-study differences in reported responses to strength and conditioning training may reflect test choice (length, duration, number and angle of change of direction, and requirements of running, i.e., forward or backward), the type of subjects (youth or adults, men or women, amateur or professional), and the content of the training program (intensity, duration, number of sessions per week).

Sprinting and acceleration are important qualities for handball players ([@j_hukin-2019-0083_ref_010]; [@j_hukin-2019-0083_ref_014]). Any improvements after strength training may reflect both neural adaptations and alterations in the mechanical characteristics of the muscle-tendon complex, including muscle size and architecture as well as changes in single-fiber mechanics ([@j_hukin-2019-0083_ref_010]). Helland et al. (2016) detected no significant increase in 30 m sprint times after eight weeks of tri-weekly weightlifting training when compared to a power training group. Likewise, [@j_hukin-2019-0083_ref_017] saw no significant increase in the 30 m sprint time of young athletes after 15 weeks of weightlifting training, 4 times per week.

The results of our study should be interpreted cautiously due to the relatively small sample size. Furthermore, there remains a need to extend the present observations to players of other ages and skill levels, including female participants, and to analyze differences in response to this type of training by a playing position.

The increases in performance that were demonstrated can contribute to valuable knowledge for handball coaches because performance in this sport relies greatly on strength and power of the lower limbs. Yet, the significant improvements in most of the tested variables may be due to the low skill level of our participants. It may also be practical to incorporate a circuit training component into traditional in-season technical and tactical training sessions, leading to gains in the playing potential of handball players.

Conclusions {#j_hukin-2019-0083_s_005}
===========

Our results show that male handball players can substantially enhance their power, sprinting ability, strength, and change of direction ability if they replace part of their standard regimen with a 12 week (2 sessions per week) in-season program of circuit training. Circuit training offers a stimulus that is uniquely different from power training, and it should be considered a part of any resistance training program for handball players, who require quick, powerful movements. In a practical sense, coaches might prefer to use a hierarchical lifting program when there is a need to improve power, strength, sprint, change of direction ability and throwing velocity, all of which were enhanced by this type of training. Based on our results we recommend that handball coaches consider incorporating in-season circuit training into the schedule of their players, as a simple and practical method to enhance their performance. We would also encourage further investigation of the many potential neuromuscular mechanisms underlying the observed gains in performance.
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